INTRODUCTION
he interaction initiated in the 19th century between spectroscopists and astronomers for the purpose of assigning the Fraunhofer lines in the solar spectrum to atomic transitions has remained fruitful, successful and ever fascinating. This interaction has led to the successful detection of over 200 different molecular species in the interstellar medium (ISM) and circumstellar envelopes ranging from the simple diatomics to the complex species (those with six atoms and above) including the buckyballs with each molecule telling the story of the chemistry and physics of the environment from where it was observed. Also, every known interstellar or circumstellar molecular species points to the presence and detectability of related species. The use of these molecular species as probes of the physical conditions in space has emerged as one of the major driving forces for the increased interest in the fields of astronomy, astrophysics and other related fields (Wlodarczak, 1995; Etim and Arunan, 2015) . P, H -, N -) are conspicuous class of molecules accounting for about 25% of all the known interstellar and circumstellar molecular species. The incorporation of electric discharge right after the nozzle popularly known as pulsed discharge nozzle has been one of the most significant additions to the pulsed nozzle Fourier transform microwave (PNFTMW) spectrometer. This advancement has been instrumental for the successful measurement of the microwave spectra of these linear carbon chains, ions, transient species and radicals in the terrestrial laboratory. This has aided the successful astronomical observation of some of these linear carbon chain species. However, the fact that some of the experimental conditions; precise dilution factor, the right choices for the precursor and inert gases, parameters of the electrical discharge source cannot be specifically controlled has made the approach 'hit or miss' as one can only probe what is produced from the source but cannot specifically control what is produced (McCarthy et al., 1997 Thaddeus et al., 1998; Arunan et al., 2004) . As a result, a number of species like the ions that are known not only to be present and detectable in ISM but also to be playing important role in the formation processes of other molecules in space cannot be detected because of the lack of accurate spectroscopic parameters. Theoretical prediction of spectroscopic parameters has been instrumental for the successful astronomical observation of a few molecular species such as HNC, HCO (Buhl and Snyder, 1970; Zuckerman et al., 1972; Green et al., 1974; Tucker et al., 1974; Guélin et al., 1977; Woods et al., 1983; Ziurys et al., 1986; Kawaguchi et al., 1994) but the accuracy of theoretical predictions for some molecules cannot guide their successful astronomical detection. A recent study using a combined experimental and theoretical approach has been shown to be accurate in estimating rotational constants for the different linear carbon chains with the experimental accuracy of few kHz (Etim and Arunan, 2016a ,b, 2017 , 2017a .
Among the known interstellar and circumstellar molecules, isotopologues of H, C, N, O, and S containing species have also been detected. These isotopologues unlike their corresponding main carbon chain species do not suffer from opacity problems, thus, they are excellent tools for probing the physical and chemical conditions of ISM. The deuterated analogues are also used for testing ion-molecule processes for the formation and destruction of many H-containing molecular species in ISM (Wlodarczak, 1995; Markwick et al., 2005; Roueff et al., 2015) . Focusing here on the isotopologues of the linear carbon chains, the starting point for their astronomical observation is the availability of accurate spectroscopic parameters. The experimental difficulty noted in the case of the main carbon chains is more pronounced for the isotopologues because of their low natural abundances. Theoretically, the methods that cannot accurately predict for the main carbon chains obviously cannot do so for their corresponding isotopologues. The combined experimental and theoretical approach depends on the availability of at least three experimental rotational constants but there is dearth of information regarding the experimental data for most of the linear carbon chain isotopologues. Thus, this approach cannot be utilized for estimating accurate rotational constants for the isotopologues. But could there be any correlation between the rotational constants of the linear carbon chains and their corresponding isotopologues which could be explored in estimating accurate rotational transitions for the isotopologues. Yes, there exist a correlation between the rotational constants of the linear carbon chains and their corresponding isotopologues which is being explored in this study.
Unidentified signal lines ('U' lines) are conspicuous components of almost every astronomical survey. These lines could come from diverse sources; new interstellar molecular species, isotopologues of known species or even weakly bound complexes which can survive under the conditions of the interstellar medium which are similar to the terrestrial laboratory conditions where they are probed. Assigning these 'U' lines begins with the availability of accurate rotational transitions. The present work aims at predicting accurate rotational constants within experimental accuracy for the different C, N, O, H, and S isotopologues of the Cn, H2Cn, HCnN, HCnO, CH3(C≡C)nH, CH3(C≡C)nCN, and CnX (X=N, O, Si, S, H, P, H -, N -) carbon chains using the correlation between the rotational constants of the main carbon chains and their corresponding isotopologues. The predicted rotational constants could serve as excellent tools for detecting these molecules either via astronomical observation or through the numerous 'U' lines. After a brief discussion on the methodology used in obtaining accurate rotational constants for the isotopologues, the obtained results based on the methodology will be discussed. A brief astrophysical implication of the results will be examined before the final conclusion.
METHODOLOGY
For the linear carbon chains and their isotopologues in this study, the rotational transitions needed for their astronomical observation are directly obtained from the rotational constant. Thus, with the availability of accurate rotational constants, the desired transitions of interest can be accurately determined. The ratio of the experimental (Bexp) to the calculated (Bcal) rotational constant for the main linear carbon chains is found to be approximately equal to that of the corresponding isotopologue (equation 1) within the experimental accuracy.
This correlation is utilized in estimating accurate rotational constants for the different isotopologues of the carbon chains examined in this study. Experimental rotational constants (Bexp) from experimental data and the combined experimental and theoretical approach have been reported (Etim and Arunan, 2016a,b) . The calculated rotational constants for both the linear carbon chains and their corresponding isotopologues are obtained at the Hartree Fock method with the 6-311++G** basis set. This level of theory is of course not expected to give accurate rotational constants. But since the same method is used for both the linear carbon chains and the corresponding isotopologues, there is cancellation of errors (Roothaan, 1951; Pople and Nesbet, 1954; Hariharan et al., 1973; Raghavachari et al., 1980) . The polarization functions give additional flexibility to the description of molecular orbitals while the diffuse functions in the basis set allow the orbitals to occupy a larger region of space. Frequency calculations are carried out to ensure that only stable structures with no imaginary frequencies are considered. Gaussian 09 suite of programs is employed for all the quantum chemical calculations reported in this study (Frisch et al., 2009) .
RESULTS AND DISCUSSION
The main CnH chains have been probed experimentally up to the C14H with the use of Fourier transform microwave spectrometer with a pulsed discharge nozzle. Table 1 contains the calculated rotational constants for the CnH isotopologues following the methodology described above. The error for the calculated rotational constants for the different isotopologues ranges from 0.065 to 0.150MHz for the deuterated analogues and 1.709 to 38.018 for the 13 C analogues. The calculated rotational constants are more accurate for the deuterated analogues as compared to the 13 C counterparts. This could be traced to the fact that in the CnH systems, there is only one H atom that can be replaced by the deuterated isotopologue while in the case of the 13 C isotopologue, though only one carbon atom is replaced by it isotope, but the effect is more pronounced in this case as compared to the deuterated isotopologue. The accuracy of the rotational constants obtained for the deuterated isotopologues are high enough and as such, they could be used for the astronomical searches of these molecular species. Also, this methodology could be used for predicting the rotational constants for other deuterated analogues of the CnH carbon chains. It is known that the intensity of the rotational lines scales with the square of the dipole moments and the CnS carbon chains are found to be highly polar with large dipole moments making them good candidates for both astronomical and laboratory detections. Astronomically, the CS, C2S, C3S, and C5S have all been observed in the interstellar medium. Table  2 display the calculated rotational constants for the CnSi isotopologues obtained following the methodology employed in this study.
The error in the calculated rotational constants ranges from 0.001 to 2.529MHz for all the isotopologues considered. This high accuracy points to the possibility of using the results obtained from this approach for the astronomical searches of these isotopologues in which some of their main chains have been astronomically observed, examples SiC and C4Si (Etim and Arunan, 2016a ,b, 2017 , 2017a . The pure linear carbon chains Cn are microwave inactive due to their lack of a permanent dipole moment as a result, they are only observed in the interstellar medium via their infrared transitions. The CnSi linear carbon chains are the isoelectronic analogues of the pure carbon chains. Unlike the pure carcon chains, the CnSi chains are microwave active thus they can be observed both in the radio and infrared regions. The CnSi chains are also known to have good dipole moments that are almost equal in Debye to the number of atoms in the chain. Table 3 shows the calculated rotational constants for the CnSi isotopologues investigated in this study. The accuracy of the calculated rotational constants range from 0.005 to 0.109MHz for all the systems examined. This high level of accuracy strong supports the use of this approach for predicting rotational constants for these systems and related molecular species. Table 4 shows the calculated rotational constants for the CH3(CC)nH isotopologues. The CH3(CC)nH linear carbon chains are the methyl analogues of the CnH linear chains discussed above. Members of the CH3(CC)nH chains have detected in interstellar medium. Methylcyanopolyynes, CH3(C≡C)nCN are the methyl analogues of the cyanopolyynes with alternating single and triple bond terminated by a methyl group at one end and cyano group at the other end. The first three members; CH3CN, CH3C3N and CH3C5N of the methylcyanopolyynes have been detected in interstellar space. Table 5 shows the calculated rotational constants for the isotopologues of this chain considered in this study. Though no member of the HCnS chains has been astronomically observed, the high abundance of molecular hydrogen in space and the prevalence of S-bearing molecules in different astronomical sources put the hydrogenated molecular species of the form HCnS and their isotopologues as important candidates for astronomical detection. In Table  6 , the calculated rotational constants for the HCnS systems are shown. The accuracy of 0.3332 to 2.4573MHz is in good order with respect to the astronomical searches of these species. In Table 7 , the calculated rotational constants for the different isotopologues of the HCnN systems are shown. The accuracy for the calculated systems are in good agreement with the range expected to be useful in guiding successful astronomical searches. This further supports the fact that the approach employed in this study could be used in predicting rotational constants for different carbon chain isotopologues of astrophysical interest. The possibility that most of the 'U' lines associated with the known linear interstellar carbon chains belong to their isotopologues cannot be totally ruled out. With the availability of accurate rotational constants, some of the 'U' lines could be assigned.
CONCLUSION
Accurate rotational transitions which are indispensable tools for any successful astronomical observation of molecular species have been estimated for the D, 13
S and 34 S isotopologues of the Cn, H2Cn, HCnN, HCnO, CH3(C≡C)nH, CH3(C≡C)nCN, and CnX (X=N, O, Si, S, H, P, H -, N -) linear carbon chains which are the dominant theme in interstellar chemistry. The predicted rotational constants obtained using the correlation between the rotational constants of the linear carbon chains and their corresponding isotopologues are within experimental accuracy of few KHz for systems with known experimental constants and the same high level of accuracy is expected for systems with no experimental rotational constants. These accurate rotational constants can guide successful astronomical observation of these isotopologues which are also good probes of the physical and chemical conditions of the interstellar medium. They could also be utilized in reducing the 'U' lines associated with the main carbon chains of which the possibility of the 'U' lines corresponding to the isotopologues of the main carbon chains cannot be totally ruled out.
